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Tryptophan W207 in transducin Tac is the fluorescence
sensor of the G protein activation switch and is
involved in the effector binding
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We have produced a recombinant transducin a subunit
(rTa) in sf9 cells, using a baculovirus system. Deletion
of the myristoylation site near the N-terminal increased
the solubility and allowed the purification of rTa. When
reconstituted with excess Tfry on retinal membrane, rTa
displayed functional characteristics of wild-type Ta vis
a vis its coupled receptor, rhodopsin and its effector,
cGMP phosphodiesterase (PDE). We further mutated a
tryptophan, W207, which is conserved in all G proteins
and is suspected to elicit the fluorescence change
correlated to their activation upon GDP/GTP exchange
or aluminofluoride (AlFx) binding. [w2wN]Ta mutant
displayed high affinity receptor binding and underwent
a conformational switch upon receptor-catalysed GTPRyS
binding or upon AlFx binding, but this did not elicit any
fluorescence change. Thus W207 is the only fluorescence
sensor of the switch. Upon the switch the mutant
remained unable to activate the PDE. To characterize
better its effector-activating interaction we measured the
affinity of [W2FITaGDP-AMFx for PDE-y, the effector
subunit that binds most tightly to Ta. [W207F]Ta still
bound in an activation-dependent way to PDE-y, but with
a 100-fold lower affinity than rTa. This suggests that
W207 contributes to the G protein effector binding.
Key words: cGMP phosphodiesterase/G protein/signal
transduction/transducin/tryptophan fluorescence

Introduction
Transducin of vertebrate retinal rod is an archetype for the
very large family of heterotrimeric G proteins that transmit
signals from hormonal or sensory membrane receptors to
intracellular effectors (Stryer and Bourne, 1986; Chabre
and Deterre, 1989; Conklin and Bourne, 1993). The
nucleotide binding subunit Ta shuttles between the G protein
coupled receptor, rhodopsin and the effector, the cGMP
phosphodiesterase (PDE), upon switching between an

'inactive' conformation with a bound GDP and an 'active'
conformation with a bound GTP. In the inactive state,
TaGDP is associated with the membrane-bound TOy subunit
and has a high affmiity for photoactivated rhodopsin (R*).
R* catalyses the opening of the nucleotide binding site in
Ta, allowing the rapid release of the otherwise permanently
bound GDP. GTP can then bind in the empty site of the

R*-bound Tca. The binding of GTP induces in Ta a change
of conformation that results in the dissociation of TaGTP
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from Tfy and from R* and its release from the membrane.
TaGTP has the capacity to activate the membrane-bound
cGMP PDE (PDEafly2). ToaGTP binds to one of the PDE-y
inhibitory subunits and displaces it from its inhibitory site
on the PDEa(3 catalytic complex. Ta has thus switched from
a high affinity for R* and a low one for PDEy, in the
TaGDP 'inactive' state, to a low affinity for R* and a high
one for PDE-y in the TaiGTP 'active' state. Upon the GTPase
step TaGTP will relax back to the TaGDP conformation
which releases PDE'y and allows it to inactivate the PDE.
As for the Ga subunit of all heterotrimeric G proteins,
TaxGDP can also be activated without the help of a receptor,
and in the absence of GTP, by the action of fluoride. Fluoride
anions form with various metal ions, in particular aluminum,
complexes such as AlFx (x = 3-5) that act as high affinity
phosphate analogues. AlFx binds next to the GDP in TaGDP
and triggers the conformation switch to the active state by
simulating the presence of the y phosphate of an activating
GTP (Bigay et al., 1987; Antonny and Chabre, 1992).
No crystallographic structure of any heterotrimeric G

protein a subunit is yet available, but three-dimensional
models have been proposed (Masters et al., 1986; Bourne
et al., 1991; Berlot and Bourne, 1992), based mostly, at least
for the nucleotide binding domain, on sequence homologies
with the small G protein p21ram, whose crystal structure is
known to high resolution (Milburn et al., 1990; Pai et al.,
1990). Five conserved sequence motifs that form the guanine
nucleotide binding domain in p2 Iras have recognizable
analogues in all Gas. Two flexible polypeptide loops near
the second and the third nucleotide binding motif have been
identified in ras as the 'switch I' and 'switch II' domains
that undergo dramatic conformation changes between the
GDP- and GTP-bound states (Wittinghofer and Pai, 1991;
Stouten et al., 1993). Analogous 'switch' regions have been
suggested to exist in the a subunit of all heterotrimeric G
proteins, Gsa being usually taken as the reference (Berlot
and Bourne, 1992). For the identification of receptor and
effector binding domains, much information has been gained
recently from mutagenesis approaches in the various Gsa
and Gia subunits. The main receptor-specific domain is very
near the C-terminus (Hamm et al., 1988; Conklin and
Bourne, 1993). Effector binding domains are found on the
C-terminal half of the Ga sequences (Rarick et al., 1992).
but effector-specific residues have also been detected in the
domain equivalent in the heterotrimeric Gca subunits to the
ras 'switch II' domain (Berlot and Bourne, 1992).
As in all Ga subunits, the conformational switch induced

by receptor-catalysed GDP/GTP exchange or by AlFx
binding, is correlated in Ta with a large increase in the
protein intrinsic tryptophan fluorescence (Higashijima et al.,
1987, 1991; Philipps and Cerione, 1988; Antonny and
Chabre, 1992; Antonny et al., 1993). This fluorescence
increase does not depend on the presence of Tj3y, neither
on that of the receptor nor of an effector, and it is fully
reversed upon the hydrolysis of the bound GTP or the elution
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of AlFx. It thus depends strictly on the structure of Ta and
reports the structural change in this subunit upon the
'activation' switch. The localization of the conformation-
sensitive tryptophans may thus bring some insight into the
switching mechanism. Ta contains only two tryptophan
residues, which are strictly conserved in the homologous
sequences of all heterotrimeric G protein a subunits. The
first residue on the N-terminal side, W127 in Ta or W154
in Gsa, is located in a long insert between the first two
guanine nucleotide binding motifs. This insert forms a
domain of unknown function, and has no equivalent in the
sequence of p21ras. The other tryptophan, W207 in Tat or
W234 in GsaY, is close to the third nucleotide binding motif,
the Py-phosphate binding sequence, in a region that
corresponds in p21ras to the 'switch II domain' whose
conformation changes extensively upon activation (Stouten
et al., 1993). W207 in Ta is therefore the best candidate
for a fluorescence sensor of the conformation switch. The
strict conservation of this tryptophan in all G proteins could
suggest that this residue is essential for either the correct
folding of the switch domain or the switching mechanism.
On the other hand this conservation among G proteins that
activate very different types of effectors seemed to exclude
a role of this tryptophan in the binding of the various G
proteins to their specific effectors.
To delineate the exact roles of this conserved tryptophan,

replaced it in transducin with another hydrophobic aromatic
residue, phenylalanine, and we analysed the effects of this
mutation on the spectral, structural and functional
characteristics of Ta. Recombinant [w207F]Ta was produced
and purified from sf9 insect cells infected with a recombinant
baculovirus. The mutation indeed suppressed the
fluorescence signal observed upon activation in native TaY.
Reconstitution assays showed that the mutation had not
perturbed the interaction of the mutant with the receptor,
nor the activation by GDP/GTPyS exchange or by AlFx,
which induced in the mutant the same conformation switch
as in native Ta. However, the effector-activating capacity
of the 'activated' mutant on the PDE was severely hampered.
Thus W207 is the fluorescence sensor of the activation switch
in Ta and is also an effector binding residue of the activated
G protein.

Results
Production and purification of recombinant Tar
We made numerous attempts at producing recombinant
transducin Ta subunit in Escherichia coli, using various
expression vectors carrying a cDNA or a synthetic gene
coding for Tae, obtained respectively from B.K.K.Fung
(Medynski et al., 1985) and from T.Sakmar (Sakmar and
Khorana, 1988). All our attempts ended up with large
quantities of insoluble Ta in inclusion bodies and no correctly
folded soluble protein. Transducin is indeed one of the few
heterotrimeric G proteins whose a subunit has never been
produced in a functional form by recombinant technology
in E. coli. We thus resorted to production in sf9 insect cells
infected with a recombinant baculovirus vector carrying the
synthetic gene. In order to increase the solubility of the
recombinant protein in the sf9 cells, N-terminal
myristoylation of the recombinant G protein (Jones et al.,
1990; Mumby et al., 1990; Neubert et al., 1992) was
prevented by the deletion of the myristoylation site
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Fig. 1. Expression and purification of recombinant TCY.
(A) Immunoblot of cytosolic and particulate fractions of baculovirus-
infected sf9 cells. Monolayer culture of 3 x 106 Sf9 cells was infected
with the recombinant baculovirus (m.o.i = 5). At 48 h after infection,
the cells were lysed and centrifuged at 400 000 g for 30 min to yield
the cytosolic and particulate fractions. One percent of each fraction
was resolved by SDS-PAGE/immunoblotting. Lane 1, cytosolic
fraction of noninfected cells; lanes 2 and 3, cytosolic and particulate
fractions of infected cells, respectively; lane 4, 200 ng of purified
nTa. (B) Coomassie blue-stained SDS-polyacrylamide gels of
transducin enriched fractions obtained during purification of rTa.
Lane 1, sonicated cells, 15 Ag protein; lane 2, 100 000 g supematant,
10 tug protein; lane 3, Blue Sepharose chromatography eluate, 5 sg
protein; lane 4, gel filtration eluate (Pharmacia superose 12 column),
5 yg protein; lane 5, ion exchange chromatography eluate (Pharmacia,
polyanion SI column), 1 Ag protein.

2GAGA5 and its replacement with an isoleucine residue.
Soluble transducin, which represented 30% of the total
recombinant Ta produced by sf9 cells 48 h after infection,
was detected in the cell extracts (Figure lA) and was purified
by a succession of gel filtration and ion exchange
chromatographies (Figure 1B), yielding 100 jig of 90% pure
recombinant Ta per litre of cell culture. Hereafter we use
rTa to denote recombinant transducin that is modified at its
N-terminal but is otherwise unmutated. Myristoyl-free rTa
has a lower affinity for Tffy than native Ta. The effects
related to the suppression of the myristoylation site in our
recombinant transducins will be further discussed elsewhere.
These effects have already been characterized in other G
proteins and have been shown to affect slightly the binding
of the Ga subunit to GOTy and the coupling of the
heterotrimeric G protein to agonist liganded receptor (Journot
et al., 1991; Linder et al., 1991). The recombinant
transducin which carries the additional mutation on W207
was obtained and purified with the same yields as for rTa.
The characteristics of [W207F]Ta will be compared with that
of rTax and with that of native myristoylated transducin,
purified from bovine retinal rods, which we denote nTa.

The [W207F]Ta mutant binds with high affinity to R*,
and is released upon GDP/GTP exchange
The high affinity binding of the mutant G protein to its
coupled receptor and the ensuing nucleotide exchange
process were studied by the classical binding assays of Kuhn
(1980). Purified recombinant transducin was added to
illuminated retinal membrane that had been washed free of
its native transducin and of all other soluble proteins, and
supplemented with purified Tfty subunits. In the absence of
free guanine nucleotide, both [W207F]Tai and rTa bound
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Fig. 2. High affinity binding of [W207F]TaGDP to R* and release by
GTP-yS. 0.75 AM of purified nTaGDP (lane 1), rTaGDP (lane 2),
[W207FITaGDP (lane 3) were incubated for 10 min at 25°C in 200 Al
of isotonic buffer M (see Materials and methods) with illuminated and
transducin-depleted membrane suspensions (50 AM rhodopsin) in the
presence of 3.5 AM TB-y. The membranes were then sedimented. The
unbound Ta was assayed in aliquots of supernatants by
SDS-polyacrylamide gel electrophoresis with Coomassie blue staining.
Lane 4, control supernatant of transducin-depleted membranes; lane 5,
nTa; lane 6, rTa; lane 7, [W207F]Ta. nTa was almost absent from this
supernatant, it remained thus almost totally bound to the illuminated
membrane. Equal amounts of [W207F]Ta and rTa (-30% of the initial
amount) are detected. This slightly less efficient binding of [W207F]Ta
and rTa to the illuminated membranes is probably due to the deletion
of the myristoyl in the recombinants. [The purified rTa used here
(lane 2) had kept a small contamination of slightly proteolysed rTa;
see also Figure 3, lane 5, which shows a blot of the same preparation.
This contaminant did not bind to the membrane, it remained entirely in
the first supernatant, lane 6, and did not interfere with the result.] The
membrane pellets were resuspended in hypotonic buffer L and
sedimented. All the membrane-associated transducins remained resistant
to elution in this low ionic strength buffer (Hypo supernatants, lanes
8-11). This is characteristic of high affinity binding of transducin to
R* in the membrane. The pellets were then resuspended in buffer M
supplemented with 100 AM GTP-yS. This induced the release in
solution of all the remaining R*-bound transducins (Iso + GTP-yS
supernatants, lanes 12-15). Thus [W207F]Ta and rTa are released
from R* and become soluble upon binding GTP-yS, like native
transducin.

equally well to these membranes. The binding was dependent
on the presence of excess T(B3y, the illumination of the
membrane and was resistant to extraction into low ionic
strength buffer. This light-dependent binding was, however,
slightly less efficient for the recombinant subunits than for
purified native transducin nTca subunit (Figure 2). The
difference is most likely due to the absence of myristoyl in
the recombinant subunits, which reduces their affinity for
Tfry, hence their coupling to R*. R* catalysed the release
of GDP from [W207F]Ta as well as from rTa and the
nucleotide-depleted recombinant remained attached to R*,
hence attached to the membrane. Upon the subsequent
addition of GTP or GTP-yS, the recombinant proteins were
released from the illuminated membrane as well as native
transducin (Figure 2). Thus the binding of GTP-yS in the
R*-bound transducin triggers in [W207F]Ta, as in native Taz,
a change of conformation that induces the dissociation of
[W207FlTaGTP-yS from R* and from Tfl-y, and its
solubilization.

The [W207F]Ta mutant undergoes a change of
conformation upon GDP/GTPyS exchange or AIFx
binding
Proteolytic sensitivity of Ta to trypsin provides an assay for
the inactive or active conformation of transducin (Fung and
Nash, 1983; Bigay et al., 1987). Native transducin in the
TaGDP form is sensitive to proteolysis by trypsin at the
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Fig. 3. Evidence from limited proteolysis for a conformation switch of
[W207F]Ta upon activation by GTP-yS or by AlFx. Native, recombinant
and mutant transducin samples were activated either by GTP-yS upon
incubation with illuminated membranes, as shown in Figure 2, lanes
13-15, or were activated by AlFx after 15 min incubation with 5 mM
NaF and 50 /iM AlCl3. All samples were incubated for 20 min at
20°C with trypsin (0.2 Ag trypsin/4g transducin). Digestion was
stopped by the addition of soybean trypsin inhibitor and the samples
were analysed by immunoblotting with a purified anti-Tax polyclonal
antibody (12% SDS-PAGE immunoblotting, 0.75 1sg Tca per well).
Native transducin, in the GDP-bound state, is cleaved down to a 23
kDa fragment that results from a proteolysis at the R204-K205 locus
(lane 2). This proteolysis site is protected in the active conformation of
nTaGTP-yS and nTaGDP-AlFx, which are cleaved only down to 38
and 32 kDa fragments (lanes 3 and 4). Similar proteolytic patterns and
similar GTPyS- and AlFx-dependent changes are observed for rTca
(lanes 6-8) and for [W207FlTa (lanes 10-12). Thus activation by
GTPyS or by AlFx induces in [W207F]Tca the same type of
conformational change as that observed in nTa.

locus R204-K205, which corresponds to locus R232-R233
in Gsa (Hurley et al., 1984). This site is protected from
trypsin action when the protein is kept permanently in the
active conformation, with a bound GTP-yS or with AlFx.
This change of proteolytic sensitivity was observed upon the
exchange of GDP for GTP-yS in [w2"F]Ta as well as in rTa
and in nTa (Figure 3). This confirmed that the
conformational switch that is typical of Ta activation
occurred also upon nucleotide exchange in [W207F]Ta. It is
noteworthy that the conformation-sensitive proteolytic site
is only three three amino acids away from the mutated
tryptophan. The change of proteolytic sensitivity to trypsin
was also observed when [w2O7F]TaGDP had been incubated
with AlFx in solution in the absence of rhodopsin, previous
to the trypsin addition. This definitely shows that AlFx can
bind in the nucleotide site of the mutant and induce the
'activation' conformational switch in [W207F]Ta as well as
in native Ta.

The fluorescence increase triggered by AIFx binding in
Ta is absent in [W207F]Ta
The W207F mutation modified only slightly the tryptophan
fluorescence spectrum of TcaGDP. The fluorescence yield
of [W207F]TaGDP was decreased by 15 4 5% and the
fluorescence emission spectrum was slightly blue shifted with
respect to that of rToaGDP (Figure 4A) or nTaGDP (not
shown). Thus W207, which is suppressed in the mutant,
must be weakly fluorescent and red shifted in Ta. This
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Fig. 5. Activation of PDE by native, recombinant and mutant
transducins. Dose-response curves of PDE activation by nTaGDP-
AlFx (LI), rTaGDP-AlFx (0) [W207F]TcaGDP-AlFx (0).
Concentrated purified transducin preparations were pre-activated by
15 min incubation with 5 mM NaF and 50 ,M AlCl3. Successive
injections of 50 nM pre-activated transducin were made into a pH
metric cuvette containing 500 yd of reconstituted PDE (50 nM) on
phospholipid vesicles (1 mg/ml) in an isotonic buffer (10 mM HEPES
pH 7.5, 120 mM KCl and 2 mM MgCl2) supplemented with 5 mM
NaF and 50 ptM AIC13. 1.5 mM cGMP was added and the PDE
activity was monitored from the pH metric recording of the protons
released upon the hydrolysis of cGMP. The maximal PDE activity
elicited by rTci is 50% of that elicited by nTa, with comparable EC50
(70 nM). [W207F]Ta does not elicit a measurable PDE activity even
when added at 300 nM concentration.

Time (min)

Fig. 4. Modification of the tryptophan fluorescence spectrum and
suppression of the fluorescence change upon activation in [W207F]Ta.
(A) Fluorescence emission spectra of rTaGDP (thin curve) and
[W207FITaGDP (thick curve); dotted curve, difference between
rTaGDP and [W207F]TaGDP spectra. Excitation wavelength, 292 nr;
excitation and emission bandwidths, 5 nm. (B) Fluorescence changes
upon activation by fluoride complexes of 40 nM of rTaGDP or

[W207F]TaGDP in 1.5 ml buffer (20 mM HEPES, pH 7,5, 120 mM
KCI and 2 mM MgCl2). 1 mM NaF and 10 AM AlCl3 were injected
as indicated. The fluorescence intensities were monitored at 340 nr

(bandwith 30 nm), with excitation at 292 nr (bandwidth 5 nm). The
fluorescence increase that monitors the activation of rTcaGDP upon the
slow binding of AlFx is totally suppressed in [W207F]TaGDP.

suggests that W207 is exposed to the solvent on the protein
surface in the GDP conformation. A more dramatic effect
of the mutation was the total suppression in [W207F]TaGDP
of the fluorescence increase that is observed in nTaGDP
or rTaiGDP upon activation by GDP/GTP exchange or
AlFx binding (Figure 4B). As the trypsin proteolytic test
described above had confirmed that under those conditions
[W207F]TaGDP bound AlFx and underwent a con-
formational switch, the total disappearance of a correlated
fluorescence increase indicated that the fluorescence of
W127, the only remaining tryptophan in [W207F]Ta, is
unsensitive to this conformation switch. Thus in native Ta,
W207 must be the exclusive fluorescence sensor of the
conformational switch upon activation.

Upon binding AIFx and switching conformation, the
lW2O7FJTa mutant remains unable to activate
significantly its effector, the PDE
It remained to be verified whether the W207F mutation in
Ta interfered with its effector-activating power on the retinal
cGMP PDE. Aliquots of native or recombinant Ta
4194

previously 'activated' by incubation with AlFx were added
to suspensions of retinal extracted PDE that had been
reassociated to lipid vesicles. PDE activity was measured
by the pH metric method. The activity elicited by rTaGDP-
AlFx was reduced by - 50% with respect to that observed
for nTaGDP-AlFx (Figure 5). This slight decrease of
activating efficiency of rTa is probably due to the absence
of myristoyl in the recombinant protein, which may decrease
its affinity for the membrane-bound PDE. But the W207F
mutation induced a more drastic effect: the mutant
[w2O7F]TaGDP-AWFx did not elicit a significant PDE activity
even when added at concentrations at which native TcxGDP-
AlFx or rTaGDP-AlFx elicited maximal PDE activity. The
point mutation apparently suppressed the effector-activating
power of Ta.

[W2O7F]TaGDP-AIFx still binds its most specific target,
the PDEy subunit, but with a reduced affinity
The lack of PDE activation by [W207F]TaGDP-AlFx may
suggest that the W207F mutation has totally suppressed the
interaction between the G protein and its effector. But the
activation of retinal cGMP PDE by transducin is a complex
process and the stimulation of the cGMP hydrolytic activity
may not be a straightforward monitor of the interaction of
Tox with its specific target. TaGTP-yS or TaGDP-AlFx
activate the PDE via their strong binding to one of its two
PDE,y inhibitory subunits, which they displace from a cGMP
hydrolytic site on the catalytic complex PDEaf3. Under low
ionic buffer conditions, the soluble TaGTP-yS -PDE-y
complex is released from the activated PDE, pin-pointing
PDE,y as the most specific effector target of Toe (Deterre
et al., 1986, 1988). Thus the interaction of transducin with
its effector can be assessed quantitatively, in vitro, on a

simplified model by measuring the binding affinity of Ta
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Fig. 6. Fluorescence monitoring of the binding of PDE-y to
[W207F]TaGDP upon addition of AlFx. [W207F]TaGDP (50 nM) and
excess PDEy (300 nM) were mixed in 1.5 ml of buffer (20 mM
HEPES pH 7.5, 120 mM KC1 and 2 mM MgCl2). Tryptophan
fluorescence was monitored at 320 nm. At time 0, 1 mM NaF and
10 jiM AlC13 were injected. The binding of PDE-y to [W207F]TaGDP-
AlFx results in a 3% increase of the initial fluorescence level. The
slow kinetics of the fluorescence increase is characteristic of the slow
binding of AlFx in TaGDP (see Figure 4B).

for purified PDE-y in solution. This binding can be monitored
from changes observed in the proteins' tryptophan
fluorescence upon their association. This technique is very

sensitive with native Ta because a large fluorescence change
is correlated to its association to PDE'y. We showed recently
by this technique that native transducin in the 'inactive'
TaGDP form binds to recombinant PDE'y with a Kd of 3
nM (Otto-Bruc et al., 1993). The Kd value decreases to 0.1
nM when transducin has switched to the 'active' TaGTP-yS
or TaGDP-AlFx form. The persistence of a fluorescence
signal upon binding of the tryptophan-less [W70F]PDEy
mutant to native Ta indicated that part of this fluorescence
change must originate from Ta and most probably from
W207 in native Ta.
A small change of the proteins' tryptophan fluorescence

was observable upon the addition of AlFx to a solution
containing both inactive [W207F]TcaGDP and recombinant
PDE,y (Figure 6). This signal must be due to an interaction
between the two subunits upon the binding of AlFx to
[W207F]TaGDP, as no signal was observed when AlFx was

added to [W207F]TaGDP alone. As the sensitive tryptophan
W207 is suppressed from the mutant Ta, the small
fluorescence change probably results here entirely from a

perturbation on the tryptophan W70 in PDEy, when it binds
to [W207FlTaGDP-AlFx. The relatively slow kinetics of the
fluorescence enhancement monitors the rate of binding of
PDE-y to [W207FlTaGDP-AlFx, which is limited by the rate
of binding of AlFx to [W207FITaGDP. This rate is
comparable with that observed under similar conditions for
the binding of AlFx to native TaGDP (Antonny and Chabre,
1992). The binding rate of AlFx to transducin has been
shown to be sensitive to perturbations of the binding site of
the 'y phosphate of GTP (Bornancin et al., 1992). The fact

that this rate is not strongly modified for the binding of AlFx
to the [W207FITaGDP mutant is an indication that the
mutation has not perturbed the nucleotide site.
The affinity of [W207F]TaGDP-AlFx for PDE'y was

assessed, as done previously for native Tca and PDEy
(Otto-Bruc et al., 1993) by measuring the amplitudes of
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Fig. 7. Determination of the affinities of rTca and [W207F]Ta for PDE'y
from fluorescence enhancements. (A) Fluorescence enhancements
observed upon successive injections of aliquots of PDE-y in a cuvette
containing 40 nM rTaGDP-AlFx (0) or 40 nM of [W207F]TcaGDP-
AlFx (0) in buffer supplemented with 1 mM NaF and 10 jM AiC13,
and fluorescence of PDE-y alone injected in the same buffer (O).
(B) Proportion of Ta complexed to PDE-y as computed from the
fluorescence enhancements of panel A after subtracting the contribution
of free PDE-y. The data are fitted assuming a simple association model
Ta + PDE-y < = > Ta-PDE-y as done previously (Otto-Bruc et al.,
1993) and the corresponding values of dissociation constant are given.

the fluorescence enhancements observed upon stepwise
additions of PDEy to a solution containing preactivated
[W207F]TaGDP-AlFx or rTaGDP-AlFx for control
(Figure 7A). The data were fitted assuming a simple
association model, which yielded a Kd of 10 nM for the
affinity of [W207F]TaGDP-AlFx for PDE-y, compared with
a Kd of 0.1 nM for the affinity of the control rTaGDP-
AlFx for PDE-y (Figure 7B). The affinity for PDE-y of the
inactive [W207F]TaGDP form of the mutant was too low to
be detected by this technique. Thus the W207F mutation did
not suppress totally the interaction of the 'activated' form
of Ta with PDE-y, but it reduced its strength by 100-fold.
The 10 nM affinity for PDE-y of the 'activated' mutant
[w207FTaGDP-AlFx is indeed lower than the 3 nM affinity
for PDE'y of native or recombinant TaGDP, which, in the
absence of AlFx, is inactive on PDE. This accounts for the
observation that [W207F]TaGDP-AlFx does not activate the
PDE.

PDE-y binds to TaGDP in the proximity of W207
Isolated PDE-y binds also to native Ta, in its inactive TaGDP
state, with an affinity of 3 nM (Otto-Bruc et al., 1993).
Using the proteolytic approach discussed above and shown
in Figure 3, we observed (data not shown), that the site
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R204-K205, which is very sensitive to proteolysis by trypsin
in isolated TaGDP, is protected when a stoichiometric
amount of PDE-y is added and forms TaGDP-PDE'y
complexes. This suggests that PDE'y binds onto this
proteolysis site of Ta, which is only two residues away from
W207.

Discussion
Our structural and functional characterizations of the
[W207F]Ta mutant demonstrate that W207 is, in native Ta,
the tryptophan residue whose fluorescence changes upon the
activation of the G protein. The W207F mutation totally
suppressed the fluorescence change observed on native Ta
upon activation by GTP or by AlFx and other assays verified
that the activation process itself was not perturbed. The
mutant Ta binds with high affinity to R* which catalyses
a rapid GDP/GTP exchange and this triggers a
conformational switch, revealed through the dissociation and
solubilization of [W207F]TaGTP. With GTP'yS, the
conformation switch can also be detected through a change
of proteolytic sensitivity, which is characteristic of transducin
activation. AlFx binds in isolated [W207F]Ta, with the same
kinetics as in native TaGDP and induces also the
conformational switch. Thus W207 appears not to be
essential for the interaction of the protein in the 'inactive'
TaGDP state with T(3'y and with the receptor, nor for the
capacity of the nucleotide site to exchange GDP for GTP
or to bind AlFx, nor for the conformational switch upon
binding GTPyS or AlFx. The conformation switch did not,
however, appear to confer effector-activating potential to the
mutant, which even in the GTP-yS or AlFx-bound state
remained unable to activate significantly the PDE. To
characterize better the effector-activating interaction of the
mutant, we measured its binding to PDEy, its specific
effector subunit. In its 'activated' form the mutant bound
to PDE'y with the substantial affinity of 10-8 M. This
affinity is, however, 100-fold lower than that of unmutated
TaGTP for PDE'y. This suggests that the conformation
switch releases the effector binding domain in the mutant,
but that W207 has an important role for the binding of Ta
to its effector. Independent evidence from proteolytic studies
further suggests that PDEy binds onto Ta in the proximity
of W207.
Our results thus clearly identify W207 as the fluorescence

sensor of the conformational switch upon the activation of
Ta and suggest also that this tryptophan contributes to the
binding of Ta with its effector. This residue is located, as
discussed below, in a 'switch' region of Tat, close to the
GTP y-phosphate binding site, and is conserved at this locus
in the a subunit of all heterotrimeric G proteins. Thus in
Ta this 'switch' domain could also be an effector binding
domain. This is very reminiscent of the case of the small
G proteins p21ra' whose 'switch II' domain is also involved
in effector binding and activation (Polakis and McCormick,
1993).
The crystal structure of p2Ira' has already been used

successfully as a model for the structure of heterotrimeric
G protein a subunits (Berlot and Bourne, 1992). Figure 8A,
adapted from Stouten et al. (1993), shows the crystal
structures of p21ral-GDP and p2lram-GTP (Pai et al.,
1990; Wittinghofer and Pai, 1991) and stresses the change
of conformation of the 'switch II region', near the 'y-

A

ras-GTP
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Fig. 8. (A) Crystal structure of p21ras-GDP and p21ras-GTP taken
as models for the structures of transducin (adapted from Stouten et al.,
1993). (B) Alignments of the domains containing the conserved
tryptophan (W234 in Gsa and W207 in Ta) with the 'switch II
domain' of ras and secondary structure assignments (adapted from
Berlot and Boume, 1992).

phosphate binding pocket. Sequence alignments of this
region, which extends approximately from residues 55-75
in ras, with the corresponding ones in Gsa, as proposed by
Bourne et al. (1991) and by Berlot and Bourne (1992), and
with that of Ta which contains W207, are shown below
(Figure 8B). Except for the well-identified 'y-phosphate
binding sequence 'G3' (57DTAGQE63 in ras) the sequence
analogies are limited. But Valencia et al. (1991) have shown,
from a comparison of the structures of the GTPase domain
of EF-Tu and p2lra', that limited sequence analogies suffice
to conserve the structure of this region in GTP binding
proteins of different families. It is thus reasonable to assume
that in the proximity of the G3 region the secondary
structures of the Ga chain of heterotrimeric G proteins
resemble closely that of p21ras. In this model, W207 in Toa
aligns with R68 in ras, which is in the middle of the 'switch
II' region, in helix a2. This helix is linked to the distal end
of the very flexible loop L4 that includes the 'y-phosphate
binding sequence G3 responsible for triggering the switch.
Stouten et al. (1993) have shown that upon the GDP/GTP
exchange in p2lras, helix a2 unwinds at its N-terminal end
(residues 63-66), winds and extends at its C-terminal end
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(residues 71-74) and rotates about its own helical axis, and
this axis rotates by 650. The local conformation of the
polypeptide chain of p2 Iras around R68 and the orientation
of this residue, the equivalent of W207 in Ta, are thus
considerably modified upon ras activation. When a
tryptophan was introduced nearby in the sequence of p2lIra,
by mutating the tyrosine Y64, the fluorescence of this
tryptophan was highly sensitive to the activation state of
p21ras (Antonny et al., 1991). It thus does not come as a
surprise that the fluorescence of W207 is sensitive to the
conformation change upon transducin activation by
GDP/GTP exchange or binding of AlFx. The total
disappearance of the fluorescence change in the [W207F]Ta
mutant suggests indeed that W207 is the one and only
fluorescence sensor, provided that the dissociation and
solubilization of [W207F]TaGTP-yS and the limited
proteolysis experiments had verified that this was not simply
due to a misfunction of the switching process in the mutant.
Although the activation-dependent proteolytic site is located
in the switch II domain, between R204 and K205 (Figure 8B)
and is only three residues away from W207, neither the
sensitivity of this site to trypsin in the GDP-bound state nor
its protection in the GTPyS-bound state were affected by
the mutation. This provides further evidence that the mutation
did not perturb extensively the conformation of the switch
II domain in the GDP state, nor its refolding upon activation
by GTPyS or AlFx.
A major effector-activating region of transducin is in the

subterminal domain 293-314 (Rarick et al., 1992), which
coincides with one of the effector-activating regions of Gsa.
Berlot and Bourne (1992) have presented evidence that the
putative helix a2 of the switch II domain of Gsai is also on
the surface of the protein that contacts the effector. By a
scanning mutagenesis approach they have identified Q236,
N239 and D240 (Figure 8B, black bars) in the C-terminal
end of the helix C2, as residues that determine the specificity
of the interaction of Gsa with its effector, adenylyl cyclase.
Those are the only residues of helix a2 in Gsca that are not
conserved in all Ga subunits. The equivalent residues in Tax
are H209, E213 and G214. Other residues of helix a2 might
also contribute to the effector contact, but their conservation
precluded that they provide specificity in effector recognition,
hence they could not be detected by the scanning mutagenesis
approach. We suggest that the conserved tryptophan located
in the middle of the helix a2, W234 in Gsax and W207 in
Ta, which is only two residues away from the effector
specific residue H209, contributes also to the effector
binding. Replacing this tryptophan by a phenylalanine
diminished by 100-fold the affinity of Ta for its effector,
PDE7y. This mutation preserves and even increases the
hydrophobicity of the residue. The loss of affinity
corresponds to a decrease of - 3 kcal/mol of the effector
binding energy, which is the average energy of a hydrogen
bond in a protein-protein contact. The nitrogen indole ring
of tryptophan is a hydrogen donor group. We may thus
speculate that the conserved tryptophan in the switch II
domain ofTa contributes to the binding of its effector PDEy
by its hydrogen bonding capacity rather than by its
hydrophobicity. It may be noteworthy that the equivalent
residue in the aligned sequence of the switch II domain of
p21ras, is an arginine, R68, which is also exclusively a
hydrogen donor group, and is very well-conserved in the
ras family.

Materials and methods
Construction of recombinant baculoviruses
The synthetic gene for Ta (Sakmar and Khorana, 1988) was kindly provided
by T.Sakmar (MIT, Cambridge, MA). It was subcloned in an M13 mpl8
vector using the EcoRI and HindI restriction sites. In order to abolish the
N-terminal myristoylation of rTa, the single-stranded template (M13-Ta)
was mutagenized to replace the 2GAGA5 sequence by an isoleucine residue.
The N-terminal sequence of Ta, MGAGASAE, was thus changed to
MISAE.

Site-directed mutagenesis of the tryptophan (TGG) at position 207 into
phenylalanine (TTC) was performed by PCR amplification. The 180 bp
restriction fragment MscI-SpeI of Ta was amplified using a 5' primer
containing the mutation and recloned in the N-mutated Ta synthetic gene.
The DNA sequence of this mutant was confirmed by DNA sequencing over
the PCR-amplified fragment.
The EcoRI-HindIl fragment of both N-mutated Ta and [W207F]Ta were

subcloned in the baculovirus transfer vector pVL 1392 into EcoRI and BamHI
sites, after Klenow polymerase refilling of the noncompatible ends.
Recombinant baculoviruses were generated by cotransfection of 59 cells

with the expression vectors described above and with BaculoGold linearized
baculovirus DNA (Pharmingen, San Diego, CA) by the lipofection method
(Kitts et al., 1990). The BaculoGold linearized baculovirus DNA contains
a lethal deletion. Recombination with the transfer vector complements the
deletion and provides viable virus particles. This selection allows pure
recombinants to be obtained after one plaque assay by picking virus plaques
as described by Summers and Smith (1987). Recombinant protein expression
was verified by SDS-PAGE of soluble and insoluble cell extracts after
protein staining with Coomassie blue and by immunoblotting.

Production of recombinant Ta proteins
Cells were first infected at high density (107 cells/ml) for 1 h at 270C at
a multiplicity of infection of S p.f.u./cell. Infected cells were then seeded
in a 11 spinner Magna-flex (Wheaton) at a density of 106 cells/ml in TCIOO
medium supplemented with 10% heat-inactivated FCS, 0.33% lactalbumin
hydrolysate and 1% pluronic acid. For correct oxygenation of infected cells,

a maximal volume of400 ml of culture medium was seeded per 1 1 spinner.
After 48 h of infection, cells were harvested and washed twice with phosphate
buffered saline (PBS). The pellet of cells was frozen and kept at -70°C.

Purification of recombinant Ta
All purification steps were carried out at 4°C. All buffers and solutions
contained 5 mM ,B-mercaptoethanol and 100 AM PMSF. Frozen cells were
thawed in an ice-cold buffer containing 20 mM Tris-HCI pH 7.5, 2 mM
MgCl2, 50 1tM GDP, 2 Ag/ml aprotinin, 1 tg/ml pepstatin and 1 mM
iodoacetamide. The cell suspension was homogenized with a cell disrupter
(Vibra cell 72423, Bioblock Scientific) set at a potency of 5 W. The resultant
homogenate was centrifuged for 20 min at 400 000 g. The supernatant was
filtered (0.22 Am) and loaded onto a Pharmacia Blue Sepharose HiTrap
(1 ml) at a flow rate of 1 ml/min using a Pharmacia FPLC system. The
column was washed with 20 mM Tris-HCI pH 7.5, 2 mM MgCl2 and
120 mM KCI, and eluted with a 120-600 mM KCI linear gradient (16
mM/ml) at 1 ml/min. rTa eluted between 240 and 360 mM KCI. The
fractions containing rTa were pooled and concentrated to 200 A1 on a

Centricon 30 microconcentrator (Amicon). The concentrated proteins were
loaded on a gel filtration column (Superose 12 HR 16/30 Pharmacia-LKB).
The column was eluted at 0.5 ml/min with 20mM Tris-HCI pH 7.5, 120
mM NaCl and 2 mM MgCl2. Fractions containing rTa were pooled and
diluted five times in 20 mM Tris-HCI pH 7.5, 2 mM MgSO4 and applied
to a Pharmacia Polyanion SI column HR 5/5 equilibrated in the same buffer.
The recombinant protein was purified to near homogeneity by elution with
a 0-300 mM Na2SO4 gradient (8.8 mM/min) at a flow rate of 0.5 ml/min
and recovery at 120 mM Na2SO4. From each litre of culture, we routinely
obtained 100 lAg of purified rTa. Purity was near 90% as judged by
Coomassie-stained SDS-polyacrylamide gels.

Extraction of proteins from retinal rod outer segments
Native TaGDP, T,By and PDE were extracted from illuminated ROS
membranes according to their sensitivity to light and ionic strength (Kiuhn,
1980). Illuminated ROS were washed sequentially with an isotonic buffer
M (20 mM Tris-HCI pH 7.5, 120 mM KCI and 100 AM MgCl2), a
hypotonic buffer L (5 mM Tris-HCl pH 7.5, 100 jtM MgCl2) and buffer
M supplemented with 200 zM GTP. The first isotonic supematants contaimed
unidentified soluble proteins, the hypotonic superatants contained PDE and

the supematants in buffer M supplemented with GTP contained Ta that
had been eluted in the GTP-bound form and had later hydrolysed its bound

4197



E.Faurobert et al.

GTP. Using this procedure, extraction of ROS membranes at 100 tM
rhodopsin yielded - 1 tM PDE, 3 zM Ta and 1.5 IuM T(3oy with > 80%
purity. Ta and T(3'y were then purified on a Polyanion SI column (Phanmacia-
LKB, Uppsala, Sweden) with 0.66 M Na2SO4 and 0.66 M MgCl2 linear
gradients, respectively, as previously described by Deterre et al. (1986).
Protein concentrations were determined with a standard Bradford assay
(Pierce, Rockord, IL). Recombinant PDE-y was obtained by expression in
E.coli, as described previously by Otto-Bruc et al. (1993).

Reconstitution of Ta on illuminated membranes and
solubilization
Illuminated membranes were washed successively with buffers M, L and
L supplemented with 100 tM GTP'yS, to extract all the endogenous
transducin and PDE. Attachment of 0.75 ltM of recombinants or native
ToaGDP to 50 tM R* was performed in the presence of 3.5 tM of purified
To3y for 10 min at 20°C in buffer M. Membranes were then washed with
buffer M to eliminate excess To3y. The high affinity R*-Ta binding was
assayed by washing membranes with buffer L. Activation of TCa was
monitored through its solubilization from membranes suspension in buffer
M supplemented with 100 /M GTP^yS. After sedimentation of the membrane
pellets, the proteins in the supernatants were analysed by SDS-PAGE with
12% acrylamide.

Trypsin proteolysis assay
Native or recombinant transducins were incubated at 20°C in a low salt
buffer (20 mM HEPES, pH 7.5 and 2 mM MgCl2) for 20 min with TPCK
(L-1-tosilamido-2-phenylethyl chloromethyl ketone)-treated trypsin from
Sigma (0.2 ug trypsin/4g transducin). Digestion was stopped by the addition
of soybean trypsin inhibitor (from Sigma, S tg/yg trypsin). Tryptic fragments
were analysed by immunoblotting with a purified anti-Tca polyclonal
antibody.

Fluorescence measurements
Intrinsic fluorescence of proteins was measured with a Shimadzu RF 5000
fluorimeter using a 1 x 1 cm quartz cuvette. The sample was vigorously
stirred and thermostated at 25°C. The buffer contained 20 mM HEPES
pH 7.5, 120 mM KCl, 2 mM MgCl2 and 1 mM DTT. For emission
spectra, the excitation was at 292 nm and the emission scan speed was 0.8
nm/s; the bandwidths were 5 nm for both excitation and emission. Time
scan recordings were performed with excitation at 292 nm (5 nm bandwidth),
emission at either 320 nm or 340 nm (bandwidth 30 nm). Fluorescence
determination of Tai-PDE-y dissociation constant was done as described
before (Otto-Bruc et al., 1993). Stepwise additions of PDE'y were made
to solutions containing 40 nM of purified rTax or [W207F]Tca while the
fluorescence was continuously recorded. As a control, the same stepwise
additions of PDEy were made to buffer alone.

PDE activation assay
Large unilamellar vesicles were prepared according to Szoda and
Papahadjopoulos (1978). 10 mg of azolectin were dissolved in 3 ml diethyl
ether and mixed with 500 1l of aqueous buffer A (10mM HEPES pH 7.5,
120mM KCI and 2 mM MgCl2). The mixture was sonicated for 1-2 min
at 0°C in a bath-type sonicator. The solvent was removed with a rotatory
evaporator and the resulting aqueous suspension of vesicles was centrifuged
and resuspended at 20 mg/ml in buffer A. Retinal extracted PDE (50 nM
final concentration) was incubated for 5 min at 25°C in 500 t1 buffer A
containing 1 mg/ml of lipid vesicles, before the addition of cGMP and
preactivated Ta. The pH variation due to the cGMP hydrolysis was recorded
with a combined pH microelectrode (model U-402-M3-S7, Ingold
Messtechnik GmbH, Steinbach/Ts, Germany). The PDE activity was
deduced from the slope of the pH recordings.
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